Wheat plants (cv. Gabo) were grown in nutrient solution and supplied with (2chloroethyl)trimethylammonium chloride (CCC) in the rooting medium 1 week after germination. Ten days later the plants were subjected to water stress by substituting polyethylene glycol solution (mol. wt. 4(00) for the nutrient solution. Certain plants were treated with gibberellic acid (GAs) applied to the shoots 24 hr after induction of the water stress.
I. INTRODUCTION
A major effect of water stress on plant metabolism involves an inhibition of protein synthesis and the modification of amino acid metabolism leading to a rapid and extensive accumulation of the imino acid proline (Barnett and Naylor 1966; Singh et al. 1973b) . Proline accumulates within a few hours of the induction of stress and disappears as rapidly when water stress is relieved .. Although proline accumulation is most rapid and extensive in the leaves, accumulation also occurs in the other organs of the plant, probably as a result of translocation from the leaves (Singh et al. 1973a) . The rate and extent of proline accumulation under comparable water stress conditions varies considerably between different genotypes. Interestingly, the potential for proline accumulation appears to vary directly with the ability of the genotype to yield under drought conditions in the field (Singh et al. 1972) and to recover following a severe osmotically induced stress (Singh et al. 1973c ). This suggests that proline accumulation potential serves as a sensitive index of metabolism during water stress, and it was of interest to examine the effect on proline accumulation of other agents which have been suggested as modifying the response of the plant to drought.
There have been several reports that growth retardants improve the performance of crops subjected to periods of water stress (Halevy and Kessler 1963; Plaut and Halevy 1966) . The mechanism for this effect is unknown and no consistent response to growth retardant pretreatment, of transpiration rate or other plant parameters, during water stress has been found (Plaut et al. 1964) . Since growth retardants do not appear to affect water-balance parameters within the plant, it seems likely that their effects involve an alteration in the metabolism of the plant such that it responds differently to a lowered water potential. In view of the profound changes in amino acid metabolism during water stress, it is of particular significance that the growth retardant (2-chloroethyl)trimethylammonium chloride (Ccq has been shown to modify protein metabolism in LoTium temulentum (Stoddart 1965) .
Growth retardants, including CCC, produce a variety of responses in higher plants which together suggest a primary effect on hormone metabolism (Cathey 1964) . Inhibition of internode elongation, changes in rates of development, and effects on apical growth have been interpreted as indicating an effect on the endogenous gibberellin control system. Inhibition of gibberellin biosynthesis in Fusarium moniliforme has been demonstrated and a reduction in gibberellin content following CCC application found in certain higher plants, e.g. Pharbitis nil (Zeevaart 1966) . In general, the effects of growth retardants are reversible by application of gibberellin, and in this respect it is of interest to note that Sitnikova (1966) reported that treatment of plants with gibberellin decreased their ability to survive water stress. It should be noted, however, that effects of growth retardants other than on gibberellin pathways may also occur (Kuraishi and Muir 1963; Cleland 1965; Douglas and Paleg 1972) .
In the present paper, the effects of CCC and of gibberellin on proline accumulation and growth of young wheat plants during water stress are examined. Wheat plants were used in preference to barley, examined in the previous experiments (Singh et al. 1972 (Singh et al. , 1973a (Singh et al. , 1973b (Singh et al. , 1973c because barley is less sensitive to applied CCC and requires excessive application rates to produce growth responses.
II. METHODS
Wheat plants (cv. Gabo) were grown from germination in perlite and supplied daily with nutrient solution (half-strength Hoagland solution). The plants were maintained in a controlled environment at 20 D e with a 16-hr photoperiod of 2000 f.c. light intensity (fluorescent + 10% incandescent). Seven (expt. 1) or 8 (expt. 2) days after germination the plants (thinned to five per pot) were treated with eee by adding 100 ml of a solution containing 40 (expts. 1 and 2), 20 (expt. 2), or 0 mg eee to each pot. Ten days later the plants were subjected to water stress by flooding the pots with 250 ml polyethylene glycol (mol. wt. 4000) solution of 0, -10 (expt. 1), or -20 (expts. 1 and 2) bars osmotic potential. Such a treatment induces a rapid decline in plant water potential ('Pw) but does not produce any obvious toxic effects. The symptoms associated with the absorption of highermolecular-weight polyethylene glycols (Lawlor 1970) were not observed, the experiments being of comparatively short duration. In the initial experiment, some plants were relieved from water stress after 48 hr by washing the osmotic solution from the rooting medium with six volumes of 200 mI water. 'f'w in such plants increased rapidly to the control level and there were no apparent aftereffects of the treatment.
In the second experiment, 0·04 ml of a solution containing 0, 10, or 100 p.g gibberellic acid (GA3) dissolved in 0·05% Tween 20 in water was supplied to plants 24 hr after the induction of water stress. The solutions were supplied to the junctions of the laminae and sheaths of the second leaves with a dropper.
The influence of the CCC treatment on growth was assessed in the first experiment from measurements of plant dry weight and total leaf area taken at the time of commencement of water stress. These measurements were not continued through the period of water stress, but shoot apex primordium production and length were estimated on dissected apices with the technique of Husain and Aspinall (1970) , and plant height was assessed from measurements of the distance from the point of root initiation to the base of the lamina of the terminal fully emerged leaf.
Plants were sampled frequently through the course of the experiments and 'f' w was determined for the second leaf using a Spanner thermocouple psychrometer (Barrs 1965) . The amounts of free proline in the laminae of the second leaves, leaf sheaths, shoot apices ,and roots were assessed using a modified version (Singh et at. 1973b) of the method proposed by Troll and Lindsley (1955) for animal tissues.
In both experiments, the pots of plants were arranged in three blocks in the growth cabinet, the pots within each block being rearranged daily to minimize inter-block position effects. The data were subjected to analysis of variance following an appropriate transformation. Only significant (P = O· 05) differences are discussed.
III. RESULTS

(a) eee and Water Stress
CCC treatment reduced the size of the treated plants before the water stress was imposed (Table 1) . The growth of all plant organs was inhibited but not to the same extent. CCC-treated plants had a proportionally larger root system in relation to total plant size than the control plants. Leaf dry weight and area were reduced; 10 days after CCC treatment the total lamina area of treated plants was 236 Despite these considerable effects of CCC pretreatment on plant size and form, there were no discernible effects of the growth retardant on leaf water potential during the period of osmotic water stress (Fig. 1 ). This may have lesulted from the abrupt imposition and relatively severe nature of the imposed water stress. In the second leaf, 'Y w declined rapidly during the first 10 hr of stress. Following this initial decline, the potential fell slowly in plants sUbjected to -10 bars osmotic potential in the root zone, reaching -13 bars after 72 hr stress. In the severe stress treatment, 'Y w fell more rapidly, reaching -33 bars at 72 hr. The water potential gradient (LI'Y w) between the root medium and the leaf was thus 3 bars with the moderate stress and 13 bars with the severe stress. This suggests that plant control of water loss from the leaf was impaired in the severe stress or that water uptake was inhibited. Damage to the stomatal aperture control mechanism during drought (Glover 1959) could account for this difference, but polyethylene glycol molecules accumulating on plant membranes, and thus hindering water uptake, may also be involved (Lawlor 1970). In either case, once the polyethylene glycol solution was removed from the root zone, 'Y w increased rapidly and returned to approximately the control level within 24 hr. elongation. Drought effects were more obvious in the control plants, but water stress inhibited elongation in both control and CCC-treated plants alike. There was no evidence of CCC reducing the effects of water stress on these growth parameters, all interaction terms involving CCC in the analyses of variance being non-significant. Similarly, CCC did not prevent complete inhibition of apical primordium production by water stress [Fig. 2(c) ]. In this case, CCC had no statistically significant effect either in the presence or absence of water stress, so the reduction in apex elongation with CCC treatment was due entirely to a reduction of interprimordial distances on the apex.
The reduction in 'Y w with progressive water stress was accompanied by a pronounced and rapid accumulation of free proline in the leaves [ Fig. 3(a) ]. The rate of accumulation was approximately constant from 8 to 58 hr after imposition of the severe water stress but fell thereafter. In the moderate water stress,proline accumulated at a much slower rate, but this rate did not fall with time. An increase in 'Y w with removal of polyethylene glycol from the root zone resulted in a rapid disappearance of free proline from the leaf tissues. CCC had no influence on the level of free proline in the control plants, which remained low throughout, but increased the capacity of the leaf tissues to accumulate proline during water stress. Over the 72-hr period, control plants accumulated proline in the laminae at the rate of 39 /Lg per gram leaf tissue per hour in the moderate stress and 151 /Lg per gram per hour in the severe stress. In comparison, CCC-treated plants accumulated proline at the rate of 61 and 227 /Lg per gram per hour in the two stress treatments.
The other organs of the plant also accumulated free proline during water stress but at a lower rate than the leaflaminae. The roots and shoot apices accumulated considerably less proline than the leaf laminae or sheaths but in each case the CCC pretreatment increased the capacity of the tissue to accumulate free proline. In each case, also, free proline disappeared rapidly from the tissue once the water stress was relieved and 'Y w increased. The CCC pretreatment did not delay this loss of free proline, the levels in both control and CCC-treated plants declining to the same low level within 24 hr of stress relief. This suggests that accumulated proline disappeared more rapidly from CCC-treated plants than from the control plants but this may have been solely a consequence of the initially higher concentration in plants treated with retardant.
(b) Effect of Gibberellic Acid
The extent to which these CCC-induced effects on the response of the plants to water stress could be reversed by gibberellic acid, applied after the initiation of water stress, was assessed. All combinations of CCC pretreatment with 0, 20, or 40 mg per pot, gibberellic acid treatment with 0, 10, or 100 /Lg per plant, and polyethylene glycol solution of ° or -20 bars osmotic potential were compared.
There was no effect of either CCC or gibberellic acid treatment on 'F w in the control or water-stressed plants. 'F w in the non-stressed plants varied between -2·6 and -3·0 bars during the course of the experiment, and fell from -18 bars 24 hr after imposition of water stress to -22 bars 12 hr later in those plants exposed to polyethylene glycol solutions of -20 bars osmotic potential. These data support those found with CCC alone in indicating no effect of the growth regulants on the water balance of the plants during the short term of the experiment. Elongation of the shoots was again retarded by CCC treatment and completely inhibited by water stress where the plants were not supplied with gibberellic acid. Treatment with gibberellic acid promoted shoot elongation in all circumstances, even where shoot elongation had ceased completely during water stress ( Table 2) . The promotion by GA3 was similar at all concentrations of CCC and was only slightly influenced by water stress. Evidently gibberellic acid was not simply reversing the response to the growth retardant. The response of shoot apex length was very similar (Table 2) . Gibberellic acid treatment stimulated elongation of apices irrespective of CCC treatment or water stress, although the response to GA3 was reduced by water stress. This increased apex elongation was due partially to a stimulation of primordium production and partially to internodal elongation on the apex. Again, primordium production was unaffected by CCC (Table 2) but GA3 promoted primordium production in all circumstances to a similar extent. As with the measures of elongation, GAs application stimulated primordium production even where water stress had completely inhibited previous growth.
Neither CCC nor GAs had any effect on the concentration of free proline in the second leaves of plants not subjected to water stress (Fig. 4 ). This remained low and constant throughout the experimental period. As before, CCC promoted the accumulation of free proline during a period of lowered tissue water potential, the stimulation being proportional to the concentration of CCC supplied to the plants. Proline accumulation continued during the period of the experiment at a steady rate in those plants which were not treated with GAs. Application of GAs caused a reduction in the rate of proline accumulation within 3 hr, followed by an actual reduction in proline concentration over the following 33 hr. The loss of free proline was proportional to the concentration of GAs applied to the plant and also varied with CCC pretreatment. Plants which were not supplied with CCC exhibited the largest decline in free proline content following GAs treatment, despite the fact that they had the lowest concentration of proline in the leaves prior to treatment with GA3• Those pretreated with the higher concentration of CCC (40 mg per pot) lost the least amount of proline following GAs treatment; indeed, those supplied with only 10 p.g GAs per plant showed no net gain or loss of proline following treatment. Thus, supplying GAs to a water-stressed wheat plant results in a rapid resumption of elongation of the plant, primordium production, and elongation at the shoot apex and a concomitant decline in the free proline concentration in the leaves. All these responses occurred despite a continuing decline in the water potential of the leaf tissues, which was unaffected by the hormone treatment. It is conceivable that growth retardants and gibberellic acid modify the growth response of the plant to water stress in one of two ways. Firstly, the agents may act by changing the internal water status of the plant. The means by which this could occur are limited and comprise: (1) modification of the rate of water uptake by the plant; (2) changes in the rate of water loss from the plant; (3) changes in the balance of forces affecting the water within the plant cells.
The present data, showing no effect of CCC or GAa on leaf water potential, do not support the alternatives (1) and (2) but are not incompatible with (3). A retardantinduced change in the osmotic potential of the cell is probable, as both the soluble carbohydrate and free amino acid content of the leaves have been reported to increase following retardant treatment (Stoddart 1965) . The relative influence of turgor and osmotic pressure on cell growth processes is unresolved (Slatyer 1967) , but it is possible that a retardant-induced shift in osmotic pressure could have metabolic consequences.
The alternative manner in which growth retardants may influence the growth responses of plants to water deficit is to modify the metabolic response of the plant. The present evidence of an increased capacity to accumulate free proline during water stress would appear to be a clear example of such an effect, although care must be exercised in interpreting the data. The potential for proline accumulation per unit plant weight was clearly increased by CCC treatment (Fig. 3) but CCC depressed plant growth (Table 1) . As a consequence, the actual accumulation of proline per plant was unaffected by the growth retardant. It follows that either the biosynthetic system responsible for proline accumulation was not reduced in parallel with plant growth following CCC treatment, or the efficiency of that system increased as its size declined.
The decline in proline concentration following upon gibberellin application to the plant occurred simultaneously with a stimulation of growth ( Fig. 4; Table 2 ). This resembles the rapid decline in free proline concentration in the leaves and enhanced growth rate when a period of water deficit is interrupted and leaf water potential increases (Singh et al. 1973b) . It is probable that the free proline accumulated during water stress is metabolized in both these situations and provides energy and nitrogen for the renewed growth. The precise metabolic fate of the proline is unknown, however. The ability of applied GA3 to evoke a renewal of growth where plant water potential was low and declining is remarkable. The growth responses measured, shoot elongation, apex elongation, and primordium production, may all be traceable to growth processes in the meristematic regions of the plant. In the apical meristem, at least, it has been suggested (Husain and Aspinall 1970) that the inhibition of growth by water stress is not associated with a decline in 'Y w of the apex itself but rather with metabolic consequences of stress. If this is the case, exogenous GA3 may temporarily alleviate these metabolic blocks to continued growth in the stressed plants. Growth stimulation by GA3 applied to bean plants during a period of salinity stress has also been briefly reported by O' Leary and Prisco (1968) .
It is significant that there was no evidence of any growth promotion by CCC during the period of water deficit. In each case, the growth retardant inhibited growth and development in parallel with its effects on the non-stressed plants. Although no attempt was made to follow growth during recovery from water stress, the data support the observations of Plaut and Halevy (1966) that growth retardants promote the recovery of wheat tillers following a period of stress rather than allowing growth during stress. Indeed, the elevated concentrations of proline generated in the CCCtreated plants may well play a direct role in supporting the renewed growth once plant potential increases.
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